In this paper, we propose a sequential probability ratio test (SPRT) to overcome the problem of limited samples in studies related to complex genetic diseases. The results of this novel approach are compared with the ones obtained from the traditional transmission disequilibrium test (TDT) on simulated data. Although TDT classifies single-nucleotide polymorphisms (SNPs) to only two groups (SNPs associated with the disease and the others), SPRT has the flexibility of assigning SNPs to a third group, that is, those for which we do not have enough evidence and should keep sampling. It is shown that SPRT results in smaller ratios of false positives and negatives, as well as better accuracy and sensitivity values for classifying SNPs when compared with TDT. By using SPRT, data with small sample size become usable for an accurate association analysis.
INTRODUCTION
A genome-wide association study ascertains through genome, potential genetic associations between genetic polymorphism and observable traits or disease. 1, 2 Recent advances in DNA technology made it possible to build high-resolution single-nucleotide polymorphism (SNP) maps. A number of companies now offer mapping arrays that have been frequently used in genome-wide association studies.
Two commonly used approaches for genome-wide studies in complex diseases are case-control and family-based approaches. The problem of population stratification in a case-control design is solved in family-based approach. 3 For this purpose transmission/disequilibrium test (TDT) has been frequently used, which was initially proposed by Spielman et al. 4 At the time when this manuscript was written, this paper was cited by more than 2500 studies according to the Web of Science. However, this popular test requires large number of trios (mother-father-offspring) to attain a reasonable statistical power. Especially, for diseases with late age of onset, it is difficult to find alive parents. 5 Consequently, it is usually difficult to gather sufficient number of complete trios. 3 Sequential tests, on the other hand, consider one sample at a time to decide on whether there is sufficient information in favor of one of the hypotheses or more samples are needed. They are especially useful when it is not practical to fix the sample size in advance. Increasing the sample size is frequently costly, either in monetary or non-monetary terms. One such instance occurs when the experiment requires breaking parts in a quality-control experiment. Another example involves collecting samples from both parents of a patient, in which the disease, for instance cancer, progress during late ages. Sample size has utmost importance in such studies as such diseases are usually developed in the elderly. Obtaining family-based information is almost impossible from these patients' parents because few of them are alive and willing to give samples.
The motivation of our study is that sequential tests have been used in clinical trials with a goal of decreasing cost and possible ethical issues. 6, 7 However, they have not been applied in genome-wide association studies. In this paper, we propose a sequential hypothesis testing approach for family-based association studies. Our approach provides the detection of interesting genetic associations even with small sample sizes.
METHODS
Consider a situation in which a child is affected by a disease. For simplicity, assume that each family has only one affected offspring. Moreover, suppose that data from both parents of this child are available. In other words, it is assumed that we have complete mother-father-child trios with no missing cases in our sample. Our goal is to find the SNPs for which we can detect an association between the genetic marker and disease locus. However, a serious challenge is to find a sufficiently large number of trios. In this section, statistical methods are discussed briefly to overcome such a challenge. Methods that are described in this section are applied to a simulated data in the next section.
Transmission/disequilibrium test
First proposed by Spielman et al, 4 the TDT is a family-based association test. It uses heterozygous parents (possessing two different alleles for a single trait) for an allele to test the linkage disequilibrium and/or association between the genetic marker and a susceptible disease gene. 3 Considering a biallelic marker situation and denoting the markers by M 1 and M 2 , a classical TDT test makes use of a 2Â2 table. In such a table, let n 12 be the number of heterozygous (M 1 M 2 ) parents who transmit M 1 , but not M 2 , allele to their affected offspring. In a similar manner, n 21 is the number of heterozygous parents who transmit M 2 , but not M 1 , allele to their affected offspring. The other two cells, n 11 and n 22 , are non-informative, as the transmitted and non-transmitted alleles are 'tied' .
The null hypothesis, Ho, is that there is either no association or no linkage between the marker and the disease. Whittaker and Morris 8 discussed that n 12 $ Binðn 12 +n 21 ; tÞ, where Bin is binomial distribution, and that under the no association assumption t is equal to 0.5. In other words, under Ho, the probability for transmission of a marker from a parent to a child, t, is near 0.5 under the Mendelian inheritance. In the presence of association, this probability deviates from 0.5. 
Sequential tests
Let t be the probability of transmitting allele M 1 from a heterozygous parent. Consider the hypothesis testing problem with a null hypothesis that H 0 : t¼t 0 versus the alternative H 1 : t¼t 1 . Here t 0 is different from t 1 . A sequential probability ratio test (SPRT) is, then, defined as the following.
where;
Here k 0 and k 1 are thresholds that depend on type I (a) and type II (b) errors. The approximate thresholds are given in equation (2) .
Using the fact that n 12 $ Binðn 12 +n 21 ; tÞ, the SPRT in equation (1) becomes,
For later samples, the statistic in equation (3) is iterated, but now the frequencies n 12 and n 21 are calculated by using all available m samples. As the association levels for t 1 and 1Àt 1 are same, SPRT results are combined for these two levels. Specifically, following Wetherill, 9 we conclude that there is no association if tests for both t 1 and 1Àt 1 values accept H 0 . If one of them accepts H 1 , then we conclude that there is association. By this way, we are converting one-sided SPRT to two-sided test. This is necessary for two reasons: to accommodate a better comparison with TDT, which is a two-sided test; and to combine t 1 and 1Àt 1 values that correspond to the same level of association.
Sample size comparison
There is a rich literature on the discussion of sample size and power calculations for family-based studies. Simulation studies under different assumptions suggest that one should have hundreds and maybe even thousands of trios in a family-based association study to gain a reasonable power. 10 Sequential tests, on the other hand, do not require a fixed specific sample size to start with. Note that, in a sequential test, the sample size is also a random variable. Wald 11 provides formula for calculating the expected sample size, E t (n), for a binomial sequential test as a function of the success probability,t. This formula is provided in equation (4), where L(t) is the probability of accepting H 0 given the value of t.
Here a and b are type I and II errors, respectively; t 0 and t 1 are the probabilities of transmission under H 0 and H 1 , respectively; and t is the 'true' probability of transmission. Please note that E t (n) given in equation (4) represents the expected number of observations needed by the sequential test procedure. Therefore, it is not used to conclude in favor of H 0 or H 1 .
The expected sample number curve usually increases as t increases from 0 to t 0 and decreases as t goes from t 1 to 1. Between t 0 and t 1 , the expected number of samples usually increases up to some point, let us say, t¢, and then starts decreasing. Therefore, the maximum expected sample size occurs either at t 1 or near t¢. To obtain this maximum size, one should take the maximum of two values: the one obtained by replacing t with t 1 in equation (4) and the one obtained by using equation (5):
Some descriptive statistics of expected sample sizes are calculated from a theoretical perspective by using equations (4) and (5) and presented in Figure 1 . Note that, the average in this figure refers to the average of the sample sizes taken for all possible t values. As t 1 gets closer to the value under H 0 (0.5), the number of samples that is necessary to detect the association increases. That is anticipated, as one needs more evidence through data to distinguish between H 0 and H 1 in such situations. However, even when t 1 is 0.4 or 0.6, the expected sample size ranges between 15 (minimum) and 305 (maximum). When one wants to test against t 1 ¼0.3 or 0.7, the maximum number of expected trios is 73. In other words, by using SPRT, we can expect to detect the SNPs associated with the disease with only 73 trios, when the probability for transmission of a marker allele from a parent to an affected offspring is r30 or Z70%. On the other hand, much larger number of trios is reported to be required for TDT. According to TDT power calculator, 10 547 trios are necessary to attain the same power (80%) at the same type I error (0.001) rate. Indeed, through simulation studies, it was reported that SPRT, on the average, requires smaller samples compared with a test with fixed sample size. 6 
Simulation study
The performance of the sequential test and TDT are evaluated with the same simulation data. It is assumed that there are 270 000 SNPs and at most 200 trios in the simulated data set. Considering the multiple testing problem, type I error is set to be very small (a¼0.001). As earlier simulation runs provided inflated type I error estimates for TDT, but not for SPRT, Benjamini-Hochberg procedure is applied on TDT with a goal of controlling type I error rate. Power of the test is taken as 0.8 (ie, b¼0.2).
To simulate matched pairs, the following scenario is used. In similar studies, data are usually summarized as (n 12 , n 21 , n-n 12 -n 21 ). The concordant pairs (n 11 and n 22 ) are non-informative for both TDT and SPRT test statistics, and hence one does not need their exact values. Moreover, one can summarize the data as the pair of (n 12 , n 21 ), as, obviously, n-n 12 -n 21 is a function of this pair. Therefore, we only simulated (n 12 , n 21 ) pairs. For a 2Â2 matched-pairs data, the conditional distribution of n 21 given an observed value of n 12 is binomial. 12 Specifically, this conditional distribution is given in equation (6) . In this equation, t 12 is the probability of transmitting allele M 1 from a parent, whereas t 21 is the probability of transmitting allele M 2 .
Therefore, for the first trio, we first generated n 12 observations from binomial distribution with a sample size of 1 and success probability t 12 . Next, given this Note that the sample size takes the value of infinity for t 1 ¼0.5.
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observation, n 21 is generated from equation (6) with n¼1 to create a matched pair. For instance, when t 12 and t 21 are assumed to be 0.1 and 0.8, respectively, n 12 is generated from a Bin(1, 0.1) and n 21 is generated from Bin(1Àn 12 , 0.8/0.9). In this case, we will most probably obtain a simulated pair of (0, 1) for (n 12 , n 21 ). This process is repeated for the next trios. Simulation is hold for different values of genotypic risk ratio (GRR). It was suggested that GRR can be approximated by n 12 /n 21 . 13, 14 Therefore, the ratio of the probabilities (t 12 /t 21 ) is used to obtain either one of the association levels: no significant association (GRRo1.5), moderate association (1.5rGRRr3.5) and high association (GRR43.5). This classification according to GRR values are assigned by following Kharrat et al. 14 They reported that in complex diseases, most associated genes have low or medium GRR values (between 1.5 and 3.5). Under the null hypothesis, the informative cells, n 12 and n 21 , are equally likely, and hence the association ratio is close to 1. As this ratio shifts from 1, the association between the disease and the marker is expected to increase as well, and hence, we are more likely to reject H 0 . In our study, all possible combinations of t 12 and t 21 are considered. Specifically, a sequence between 0.1 and 0.9 with increments of 0.1 is assigned to both t 12 and t 21 . This resulted in 45 different combinations. Although highly associated SNPs do not have biological sense, they are included to present the whole picture. Next, the ratio of these two probabilities is calculated to detect the corresponding association group.
Out of 270 000 SNPs, 78 000 are assumed to have no significant association. In other words, these SNPs are generated under H 0 . To generate 'truly positive' SNPs, that is, SNPs under H 1 , the existence of two levels of association is assumed. Although a total of 108 000 SNPs are generated with a moderate amount of association, another 84 000 SNPs are generated under the assumption of a high association. This simulation study is repeated 100 times. Both TDT and SPRT are applied to the simulated data. Using equation (2), we calculated the boundaries for SPRT as k 0 ¼0.00125 and k 1 ¼4.995. In both TDT and SPRT, the same nominal a (0.1%) and b (20%) values are used. Simulation study is hold in MATLAB and the related code is available on request.
We should warn the reader that the alternative hypothesis under TDT and SPRT may be different. For instance, even t¼0.500001 belongs to the alternative hypothesis in TDT. One should note, though, that testing against such an alternative will lead to the conclusion of H 1 with only very low power (as low as type I error). In other words, if a researcher uses such a value in the alternative, she/he will not be able to detect many associated SNPs even with enormous sample sizes. Moreover, the ones that are marked as associated will most probably be false-positive ones. We believe this is another advantage of SPRT. In SPRT, the researcher can focus on the alternatives of interest. Screening t values that are far away from the value under H 0 will obviously be more practical. Unfortunately, TDT does not allow this. SPRT, on the other hand, is using a combination of say, 0.3 and 0.7. Although it seems as SPRT is detecting associated SNPs only at these two t 1 values, it is detecting SNPs that are at a higher association level as well. A simple calculation of odds ratio shows us that, an SPRT with t 1 ¼0.7 attempts to detect the SNPs that are at least 2.3 (¼(0.7/0.3)/(0.5/0.5)) times more likely to be associated compared with non-associated SNPs. On the other hand, an SPRT with t 1 ¼0.8 attempts to detect the SNPs that are at least four times more likely to be associated. Therefore, an alternative hypothesis of t 1 ¼0.3 or 0.7 is equivalent to an H 1 of t 1 r0.3 or Z0.7. This implies that SPRT skips the t 1 values that are between 0.3 and 0.7 (except 0.5 under H 0 ), and focuses on the parameter space that we most expect to see the association. Note that, an SPRT with t 1 ¼0.500001 can also be constructed. However, this will attempt to detect the SNPs that are at least 1.00004 times more likely to be associated, and this is a waste of time.
RESULTS
Results of true and false positives and negatives are reported with a categorization of association level. Figure 2 presents the results for which the sequential test requires the continuation of sampling for different number of trios.
For 84 000 SNPs that are generated under the high association, the curve approaches to zero quite fast. Even with 50 trios, SPRT can classify 460% of these SNPs. For 480 trios, only 10% or less of the high-associated SNPs is left for which we cannot conclude to either H 0 or H 1 . In other words, if one can afford only 80 trios, then by using SPRT she/he will be able to detect around 90% of the SNPs that are not associated or highly associated with the disease. Moreover, one can detect around 65% of the 'no significant association' SNPs with only 80 trios. SNPs with moderate association require considerably more samples to decide. Specifically, only 36% of them can be classified as either positive or negative with 80 trios. The rest of them, 64%, are still in the gray area. One needs to gather about 200 trios if she/he wants to classify 480% of these SNPs. This makes sense, as this group is generated under H 1 , but has GRR values that are close to the ones generated under H 0 . Therefore, algorithm needs more information through data to conclude one of the hypotheses. Nevertheless, it can be shown that a sequential test will certainly stop and conclude to either H 0 or H 1 in a finite number of samples. 15 Furthermore, with 40 trios and more, results calculated by SPRT are realized with accuracy over 90%, which is calculated according to equation (7):
However, TDT reaches the 90% accuracy when 200 trios are available. Overall accuracy of SPRT and TDT tests by the number of trios are given in Table 1 . When data are generated under high association assumption, truepositive (TP) and false-negative (FN) percentages are presented for both methods in Table 2 . This table also includes the sensitivity, which is calculated according to equation (8):
Similar percentages are provided in Table 3 for moderate association SNPs.
As it is seen from these tables, TP and FN columns for TDT add up to 100% (except for some rounding issues). However, for SPRT, the summation of three percentages, namely TP, FN and continue sampling, gives 100%. The information on the percentage of truly positive SNPs for which to continue sampling is clearly available only for SPRT method, as TDT classifies each SNP as either positive or negative. Because of this classification difference, the power (TP) of our test seems lower than the one for TDT. For instance, for highassociation SNPs, when there are 80 trios available, the power for TDT is 94.4%, whereas it is 89.1% with SPRT. TDT dumps the rest of the power into FN, but SPRT distributes the rest into two categories (FN and continue sampling); SPRT therefore results in much lower false classifications. For instance, for 80 trios, the FN percentage for TDT is observed as 5.6%, whereas it is only 0.1% for SPRT. This difference in the classification also leads to a difference in the calculation of accuracy, sensitivity and specificity. Note that, these calculations for Figure 2 Percentage of SNPs for which the proposed algorithm requires more samples to decide for a¼0.1% and b¼20%.
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SPRT do not involve suspicious SNPs (for which we need to continue sampling). For instance, the denominator of equation (7) is equal to the total number of SNPs for which the null hypothesis is rejected or failed to be rejected for both methods. However, this is equal to the total number of SNPs in the study (270 000) for TDT, whereas it is the total number of SNPs minus those that are suspicious for SPRT.
It is also interesting to see that as the number of trios increase, the power of SPRT increases, but the percentage of false negatives stay constant. False negatives captured by the sequential test stayed almost constant for larger number of trios, whereas the percentage of samples for which we need to continue sampling decreased considerably. This is because the algorithm carries the SNPs that were not classified beforehand to correctly classified group. In other words, SNPs for which we are advised to continue sampling are then correctly detected as positive as the number of trios increase.
For small number of trios, the powers of both TDT and SPRT are quite small, as one would expect. To obtain a power 480% with SPRT, one needs to obtain at least 70 trios to detect highly associated SNPs. To detect moderately associated SNPs with a power of 80%, one, unfortunately, needs 4200 trios. However, it should be noted that the power for TDT is also low for this group of SNPs (Table 3) .
It is striking how high the false-negative percentages for TDT are. Especially for moderate association SNPs, the percentages of FNs are 480% for small number of trios. That means, for small number of trios with moderate association SNPs, the use of TDT would mean being receptive to a great deal of wrong decisions. Table 4 presents the TN, FP percentages and specificity for no significant association SNPs. Specificity is calculated according to equation (9):
It is clear that FP's for TDT are larger compared with the ones for SPRT even after multiple testing correction is applied to TDT. The nominal value of 0.1% is attained in SPRT when there are about 80 trios. Although after that point, this error rate increases, it stays well below the one for TDT. In other words, FP rates that are close to the nominal value are attained by SPRT even without a multiple testing correction. The specificities for both tests are observed to be high and close to each other.
DISCUSSION AND CONCLUSION
Sample size is a crucial issue in genome wide family-based association studies. The collection of hundreds of trios that is necessary for TDT analysis is a challenging task. It needs a well-coordinated and collaborative effort. In addition, for late onset complex diseases it is Abbreviations: FN, false negative; SNP, single-nucleotide polymorphism; SPRT, sequential probability ratio test; TDT, transmission disequilibrium test, TP, true positive.
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O Ilk et al difficult to reach complete (alive) parent-child trios. The inability to collect the necessary number of samples disables many researchers to analyse small sample size data by TDT. With the advent of SPRT, data with small sample sizes become usable for an accurate association analysis. We therefore propose the use of sequential hypothesis testing to detect the associated markers with the disease. This approach is not assuming a fixed sample size at the beginning of the biological experiment. Instead, after each observed trio or a group of observed trios, the test clarifies whether there is enough evidence to detect the association or no association or one should continue to take more trios to correctly classify SNPs. The test is especially beneficial when the suggested number of trios for TDT-type tests cannot be achieved. In this paper, it was shown, through simulation studies, that the resulting accuracy for at least 40 trios by using SPRT is over 90%. This means that if one can afford at least 40 trios, SPRT classify SNPs with 90% accuracy. It was also shown, that false negatives and false positives obtained by SPRT are much smaller than that of TDT, especially for small number of trios. Our test is clearly more conservative than TDT, as it is less likely to reject the null hypothesis, either it is true or false. This leads to a smaller power when compared with the results of TDT, but in return leads to a smaller type I error. The power of TDT is superior when the association between the disease and the marker is moderate. However, we suggest the use of TDT in such situations only if the number of trios is 4150. For smaller number of trios, the percentages of false negatives in TDT are huge, ranging from 34 to 99%. In short, especially for small to moderate amount of trios, SPRT results in smaller ratios of false positives and negatives, as well as better accuracy and sensitivity values for classifying SNPs when compared with TDT. The limitation of the approach proposed here is that the sample size required increases as the probability in alternative hypothesis gets closer to the one in null hypothesis. In other words, the expected sample size in sequential test becomes closer to the one needed in TDT as the association between the marker locus and disease locus gets weaker. However, the approach is highly beneficial over TDT, as, unlike TDT it does not require the asymptotic approximation of a distribution; it provides a gray region instead of a black and white categorization; and it results in small number of false predictions.
An exact binomial test or permutation tests can be used instead of asymptotic TDT test statistic in small samples. However, exact binomial and permutation tests are still limited, as they 'classify' the SNPs into two: those that are associated and those for which we do not have enough evidence. A sequential test, on the other hand, 'classifies' SNPs into three: those that are associated, those that are not associated and those for which we do not have enough evidence. In other words, SPRT follows a 'better to be safe than sorry' approach, and does not insist on classifying SNPs into one of the two categories. It clearly states so when one needs to gather more trios. This is one of the main advantages of SPRT; it recommends us to continue to sample when there is not enough trios, whereas TDT and similar large sample size theory tests result in false negatives or positives.
From a statistical point of view, obviously, one would like to gather as much sample as possible, which will lead to a higher power in any test. However, we should keep in mind the expected net gain of sampling (ENGS), which is defined as the difference between the expected value of sample information and the cost of sampling. Decreasing the cost is crucial in genetics. It was reported that the ENGS in SPRT with a maximum number of n samples is generally higher than the one with a fixed sample size test of size n when the cost of sampling is same. 16 This is consistent with the fact that in real life challenges, data are only available sequentially.
